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Abstract. We present a statistical analysis of freak waves1
measured during the 203h of observation on sea surface el-
evation at a location in the coastal zone of the Baltic Sea
(2.7m depth) during June–July 2008. The dataset contains
97 freak waves occurring in both calm and stormy weather
conditions. All of the freak waves are solitary waves, 63% of
them having positive shape, 17.5% negative shape and 19.5%
sign-variable shape. It is suggested that the freak waves can
be divided into two groups. Those of the ﬁrst group, which
includes 92% ofthe freak waves, have an ampliﬁcation factor
(ratio of freak wave height to signiﬁcant wave height) which
does not vary from signiﬁcant wave height and has values
largely within the range of 2.0 to 2.4; while for the second
group, which contain the most extreme freak waves, ampli-
ﬁcation factors depend strongly on signiﬁcant wave height
and can reach 3.1. Analysis based on the Generalised Pareto
distribution is used to describe the waves of the ﬁrst group
and lends weight to the identiﬁcation of the two groups. It
is suggested that the probable mechanism of the generation
of freak waves in the second group is dispersive focussing.
The time-frequency spectra of the freak waves are studied
and dispersive tracks, which can be interpreted as dispersive
focussing, are demonstrated.
1 Introduction
There has been much recent interest in the problem of freak
(rogue) wave occurrence. It has been realised that in many
situations, extreme single waves can cause signiﬁcant dam-
age to marine structures and even lead to failure, and a num-
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1taken to be waves whose height is 2 or more times greater than
the signiﬁcant wave height
ber of ship accidents have been caused by freak waves (Tof-
foli et al., 2005; Didenkulova et al., 2006). As a result, much
attention has been paid to freak wave occurrence in the deep
part of the ocean with regards to ship accidents and dam-
age to ocean platforms. The North and Norwegian Sea, from
which many accidents have been reported, has become a fo-
cus of intense study of freak waves (Magnusson et al., 1999;
Bitner-Gregersen and Magnusson, 2004; Guedes Soares et
al., 2004; Stansell, 2004; Walker et al., 2004; Petrova et al.,
2006; Krogstad et al., 2008; Olagnon, 2008), but extreme
wave data have also been analysed for the Mediterranean
(Prevosto et al., 2000), Japan Sea (Mori and Yasuda, 2002),
Gulf of Mexico (Al-Humoud et al., 2002) and Kuwaiti ter-
ritorial waters (Neelamani et al., 2007). Different theoret-
ical models of freak wave generation have been developed
(Olagnon and Athanassoulis, 2001; MaxWave, 2003; Kharif
and Pelinovsky, 2003; Kharif et al., 2009).
Freak wave events are also observed near shore, where
they can lead to damage to coastal structures and loss of
life. For example, Chien et al. (2002), report on 140 freak
wave events in the coastal zone of Taiwan for the past
50years (1949–1999) and Didenkulova et al. (2006), report
on coastal freak wave events seen by casual eyewitnesses
in 2005. The increased incidence of such accidents sug-
gests more widespread coastal freak wave occurrence than
has hitherto been recognized. Usually freak events onshore
result in sudden short-term ﬂooding of the coast, or a strong
impact upon steep banks or coastal structures. Some descrip-
tions of such events are given in Dean and Dalrymple (2002)
and Kharif et al. (2009). General properties of wind-wave
background in shallow water are studied, for example, in
Glukovskij (1966), Bitner (1980), Massel (1989, 1996), and
Young and Babanin (2009).
The properties of coastal freak waves and the mechanisms
of their formation differ from those developed for deep wa-
ters, and need to be studied. This paper presents an analysis
of data on freak waves occurring in the coastal zone of the
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Figure 1. The Baltic Sea, Tallinn Bay, the study site on the SW coast of Aegna (right lower 
panel). 
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Fig. 1. The Baltic Sea, Tallinn Bay, the study site on the SW coast
of Aegna (right lower panel).
Baltic Sea. The characteristic features of the Baltic Sea and
the observation site are described in Sect. 2, together with de-
tails of the experiment and measurement methods. The gen-
eral properties of the observed freak waves (wave heights,
wave asymmetry and wave shapes) are described in Sect. 3.
In Sect. 4, two putative groups of freak waves are identiﬁed
in terms of the ampliﬁcation factors and their variations with
signiﬁcant wave height. The ﬁrst group, Group I (ampliﬁca-
tion factors vary over a limited range (from 2.0 to 2.4) and do
not depend on signiﬁcant wave height), the largest of the two,
containing 92% of the freak waves observed, is discussed in
Sect. 5. The second group, Group II, contains more extreme
waves with ampliﬁcation factors reaching as high as 3.1 in
the dataset, and showing strong dependence on signiﬁcant
wave height. This group is studied in Sect. 6. It is suggested
that the probable mechanism of the generation of waves in
this group is dispersive focussing. The paper concludes with
a summary of ﬁndings in Sect. 7.
2 Study site and wave measurements
Tallinn Bay is a semi-enclosed body of water, approximately
10×20km in size, with the City of Tallinn located at its
southern end. The bay belongs to a family of semi-sheltered
bays that penetrate deep into the southern coast of the Gulf
of Finland (Fig. 1), an elongated sub-basin of the Baltic Sea.
The overall hydrodynamic activity is fairly limited in this
almost-tideless area. There are, however, extensive water
level variations driven primarily by weather systems, with
a maximum recorded range of 2.42m. As very high (more
than 1ma.m.s.l.) water level events are rare, the wind-wave
impact is concentrated into a relatively narrow range in the
coastal zone.
The complex shape of the Baltic Sea, combined with the
anisotropy of predominant winds, results in a particular local
wave climate in Tallinn Bay. Most storms blow from the SW
but occasionally very strong NNW storms occur. Long and
high waves created in the Baltic Proper during SW storms
usually do not enter the Gulf of Finland owing to geometrical
blocking (Caliskan and Valle-Levinson, 2008). Bottom re-
fraction at the mouth of the Gulf of Finland may cause waves
to enter the gulf under certain circumstances (Soomere et al.,
2008). However, on entering they keep propagating along the
axis of the Gulf of Finland and affect only very limited sec-
tions of the coast of Tallinn Bay, the northern part of which is
additionally sheltered by the islands of Aegna and Naissaar
(Fig. 1). The same is also true for waves excited in the Gulf
of Finland by easterly winds. The roughest seas in Tallinn
Bay occur during NNW storms that have fetch length in the
order of 100km and, thus, only produce waves with rela-
tively short periods. These features severely limit the periods
of the wave components. The peak periods of wind waves
are usually well below 3s, reaching 4–6s in strong storms
and only in exceptional cases do they exceed 7–8s.
As a result of these factors, the local wave climate is rel-
atively mild in Tallinn Bay compared with the adjacent sea
areas. The signiﬁcant wave height exceeds 0.5–0.75m in the
bay with a probability of 10% and 1.0–1.5m with a prob-
ability of 1% (Soomere, 2005). On the other hand, very
high (albeit relatively short) waves occasionally occur dur-
ing strong NW-NNW winds, to which Tallinn Bay is fully
open. The signiﬁcant wave height typically exceeds 2m at a
certain time each year and may reach 4m in extreme NNW
storms in the central part of the bay. As a consequence, most
of the coast of Tallinn Bay has preserved features, indica-
tive of periods of intense erosion (Lutt and Tammik, 1992;
Kask et al., 2003) and, as such, it can be considered to be a
medium- or high-energy coastal environment.
The wind-wave measurements were performed at the SW
coast of Aegna in the Tallinn Bay (Fig. 1). The island,
about 1.5×2km in size, is located at the northern entrance
of Tallinn Bay. It is separated from the Viimsi Peninsula
by a shallow-water (typical depth 1–1.5m) channel with two
small islands. Effectively, no wave energy enters Tallinn Bay
from the east.
The experimental site is fully open to the south. The max-
imum fetch length in this direction, however, is only some
10km. Although the majority of storms blow from the SW,
they produce no large waves. Moreover, these waves ap-
proach the shore perpendicularly. Signiﬁcant wave energy
enters Tallinn Bay from the north but the study site is shel-
tered from these waves by the island and shallow water about
300m to the west. The most signiﬁcant waves at the study
site and along the adjacent shore to the west, come from the
west, entering Tallinn Bay between the mainland and the is-
land of Naissaar. Waves from the NW are effectively blocked
by Talneem Point (the W-SW end of Aegna, Fig. 1) and even
if they reach the SW coast owing to refraction, they impact
the coast in a similar way to waves approaching from the
west.
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Towards Talneem, from the study site, a very shallow area
extends seaward, some 300m from the coast, where water
depths increase over a short distance. In the vicinity of the
study site, water depths increase over a short distance to ap-
proximately 2m, beyond which there is a more or less linear
slope from the position of the tripod on which the measur-
ing equipment was mounted down to depths of 6–8m and a
gently sloping terrace, 0.5–1km wide to about 15m water
depth.
High resolution time series of water surface eleva-
tions were collected using an ultrasonic echosounder
LOG aLevel® from General Acoustics. The measurement
range of the sensor was 0.5–10m to the water surface with
an accuracy of ±1mm. The surface water elevation data
werecollectedalmostcontinuouslyover30days(21June–20
July 2008) at a recording frequency of 5Hz. The device was
mounted at a distance of about 100m offshore from an effec-
tively non-reﬂecting shore of the island of Aegna at a depth
of ∼2.7m. A part of the experiment was performed in al-
most calm conditions (signiﬁcant wave height below 10cm).
The typical signiﬁcant wave height was 30cm and the height
reached 60cm during short time intervals.
Although the overall wave conditions in the study region
are relatively low, freak wave events do occur there. Freak
waves were taken to be those whose wave height was more
than twice as large as signiﬁcant wave height Hf > 2Hs
(Kharif et al., 2009). Of course, the height of these waves
varies with the height of the background from calm to stormy
days. Nevertheless, we analyse all measured waves which
satisfy the deﬁning condition for freak waves to get as com-
plete a picture as possible of processes occurring in the
coastal zone of the Baltic Sea. The analysis of the record
revealed several unexpectedly high and steep waves with pe-
riods close to the typical periods of the wind waves. The
most prominent freak wave event was recorded on 9 July
2008 at 22h59 (Fig. 2). Its height and period were 1.2m
and 5s, respectively, when signiﬁcant wave height was about
40cm and the peak period about 4s. The height of this freak
wave, therefore, exceeded the signiﬁcant wave height by a
factor of about 3. The wave arrived without any warning or
“hole” ahead of it; instead, it was followed by a deep trough
(about 40cm). The wave was highly asymmetric: its crest
reached over 80cm whereas the typical crest elevation was
below 20cm.
3 Recorded freak waves: their typical properties
Here, we present an overall description of the freak wave
data. Since Tallinn Bay has very intense ship trafﬁc during
the day time, we consider only pure wind-wave data recorded
at night time (from 0 to 07h00). Additionally, signals, resem-
bling ship wakes that are characterised by different periods,
have been excluded from the analysis. The heights of all
waves which occurred between 00h00 and 07h00 each day
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Figure 2. The freak wave record on 9 July 2008. 
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Fig. 2. The freak wave record on 9 July 2008.
were calculated using the down-crossing method. The sig-
niﬁcant wave height, which is an average of 1/3 of the high-
est waves, was assumed to be constant in 20-min intervals
and was calculated within every 20-min interval. The use
of a 20-min interval is usual for deep-water waves (for ex-
ample, Stansell, 2004) and the same interval has been used
for analysis of freak waves in the coastal zone of the Black
Sea (Cherneva et al., 2005). In the present data, there are
609 such 20-min intervals during 29days of measurements,
containing ∼400000 wind waves of which 97 are identiﬁed
as freak waves. A Rayleigh distribution of crest height, ap-
propriate under a narrow-band Gaussian model for the sea
surface elevation in deep water, would suggest that a freak
wave(Hf >2Hs)wouldoccurabout onceinevery3000wave
events (Kharif et al., 2009); that is, about 130times for our
number of waves, which is close to the recorded number. It
is known, however, that the Rayleigh distribution does not,
in general, give a good description of wave heights in shal-
low water (Glukovskij, 1966; Bitner, 1980), a fact borne out
of the present experiment by there being 3 freak waves with
Hf > 3Hs, although the Rayleigh distribution gives a very
small probability (<10−10) for waves of this height.
It should be mentioned here that we do not apply any
height limitations to our freak waves and consider as freak
waves less than 1m height if the condition Hf >2Hs is sat-
isﬁed. Of course, not all of these freak waves are dangerous.
At the same time, the criterion of danger is different when
you consider the breakage of a structure or the death of a
person. The situation for the coastal zone, where many peo-
ple are swimming and walking around, should be different
from the open ocean where the wave needs to be really great
to destroy something. As is known, even a 0.5-m water ﬂow
on the coast can be hazardous. The typical velocity of such
a ﬂow is about 2m/s and is strong enough to knock a person
off his feet and to kill him. Such events were mentioned in
our paper (Didenkulova et al., 2006). During our experiment
in Tallinn Bay, we measured 44waves with the wave height
exceeding 0.5m and 3waves with the height more than 1m.
Typical shapes of recorded freak waves are presented in
Fig.3. All97ofthefreakwavesweresolitarywavesofapos-
itive, negative or sign-variable shape. The positive shape was
deﬁned as the shape of the wave, whose crest is more than
www.nat-hazards-earth-syst-sci.net/10/2021/2010/ Nat. Hazards Earth Syst. Sci., 10, 2021–2029, 20102024 I. Didenkulova et al.: Freak waves of different types in the coastal Baltic Sea
 
0 5 10 15 20
-1.8
-1.6
-1.4
-1.2
-1
Time (sec)
S
e
a
 
l
e
v
e
l
 
(
m
)
0 5 10 15 20
-1.8
-1.6
-1.4
-1.2
-1
Time (sec)
0 5 10 15 20
-1.8
-1.6
-1.4
-1.2
-1
Time (sec)  
Figure 3. Typical positive (left), negative (middle) and sign-variable (right) shape of freak waves 
in Tallinn bay occurred at 4:06 on 22 June, at 4:27 on 24 June and at 3:55 on 26 June 2008 
respectively; the sea level is measured relative to the location of the echosounder.  
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Fig. 3. Typical positive (left), negative (middle) and sign-variable (right) shape of freak waves in Tallinn Bay occurred at 04h06 on 22 June,
at 04h27 on 24 June and at 03h55 on 26 June 2008, respectively; the sea level is measured relative to the location of the echosounder.
50% higher than its trough with respect to the mean sea level.
Analogously, waves with negative shapes were those, whose
troughs are more than 50% greater than their crests. Other
waves were considered as a sign-variable shape. Waves of
positive and a mixed type are quite typical for deep water as
well, whilewavesofnegativeshapearequitespeciﬁcandcan
be a speciality for coastal waters. No group of freak waves
made up of two or three (the famous shape of freak waves
known as “three sisters”) consecutive freak waves (see, for
example, Kharif et al., 2009) were recorded. A majority of
the waves (61events or 63% of waves) had a positive shape.
The number of sign-variable or negative wave shapes was
three times smaller: 19events or 19.5% of waves had sign-
variable and 17 or 17.5% of waves had negative shape.
The asymmetry of freak waves occurring in deep waters
has been discussed in (Guedes Soares et al., 2004). The
present freak waves from shallow waters in Tallinn Bay were
also asymmetric. At the same time, waves of negative shape
in the dataset were more asymmetric in terms of face-back
asymmetry than positive and sign-variable waves, conﬁrm-
ing the conclusion of the nonlinear shallow water wave the-
ory that wave asymmetry and wave breaking affect the wave
trough more than the wave crest (Didenkulova et al., 2007;
Zahibo et al., 2008). The back front of the observed ne-
gative waves was steeper than the face front; while in the
case of positive or sign-variable waves the face front was
steeper, as predicted by the theory (Didenkulova et al., 2007;
Zahibo et al., 2008). The fact that waves of sign-variable
shape have less asymmetry than freak waves of positive or
negative shape can be explained by wave nonlinearity. Such
waves have smaller deviation from the mean water level and
they are less nonlinear than corresponding positive or nega-
tive waves of the same height. This also explains the fact
that even within one wave category freak waves of a smaller
height are less asymmetric.
The scatter diagram of freak wave height Hf and signiﬁ-
cant wave height Hs for different wave shapes is presented
in Fig. 4. Observations are mostly close to the Hf = 2Hs
line with a few weak deviations mainly for waves of nega-
tive shape. These deviations are even more evident in Fig. 5,
where the ampliﬁcation factor (the ratio of the freak wave
height Hf to signiﬁcant wave height Hs) for different wave
shapes is shown.
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Fig.4. ScatterdiagramoffreakwaveheightHf andsigniﬁcantwave
height for positive (crosses), negative (circles) and sign-variable
(squares) freak waves.
In Fig. 5, the ampliﬁcation factors in most of the freak
waves are seen to vary from 2 to 2.4 and do not appear to
depend on signiﬁcant wave height. This ﬁrst group of freak
waves, Group I, is outlined with a dashed rectangle in Fig. 5.
All symmetrical and almost all positive freak waves belong
to this group. The remaining few waves have larger am-
pliﬁcation, which appears to decrease on average with in-
creasing Hs. These waves represent the Group II, which is
well separated from the ﬁrst. It is outlined by the ellipse in
Fig. 5. The majority of waves in this group have a negative
shape. The decrease of the ampliﬁcation factor with signif-
icant wave height can be explained by the process of wave
breaking, which more strongly affects nonlinear waves of a
larger amplitude. At the same time, negative waves are more
subject to the breaking phenomenon and, even in the case of
sine wave propagation in a basin of constant slope, break-
ing usually occurs at the trough of the wave (Zahibo et al.,
2008). This can be seen in Fig. 6, where enlargements of
the positive and negative freak wave records from Fig. 3 are
presented. In contrast to the positive freak wave in Fig. 6,
the negative wave has a very sharp ending that can reﬂect the
process of wave breaking.
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Fig. 5. Ampliﬁcation factor plotted against signiﬁcant wave height
for positive (crosses), negative (circles) and sign-variable (squares)
freak waves.
4 Evidence for two groups
Though the visual impression created by Fig. 5 suggests the
presence of two groups of observations, it might be argued
that the pattern of plotted points could be a result of a ran-
dom selection from a single population and that apparent de-
pendence of the ampliﬁcation factor A = Hf/Hs on Hs for
some waves is nothing more than a coincidence. However,
a simulation (permutation) test of the hypothesis of no cor-
relation between A and Hs (based on the comparison of the
observed correlation with the correlation values calculated
by randomly permuting the Hs observations) shows strong
evidence against the possibility that the dependence of A on
Hs is illusory; there is strong evidence of a relationship (p-
value=0.013). The possibility that Fig. 5 could have been
generated from a homogeneous population of freak waves
with a dependence on Hs nevertheless remains. This ques-
tion may be discussed in terms of Generalised Pareto distri-
butions, the family of distributions appropriate for data ob-
served over a high threshold (Coles, 2001). The relevance
of these distributions to high values rests on limiting argu-
ments (De Haan, 1971; Pickands, 1975) which show that
under mild conditions the conditional distribution of the ex-
cess of an observation over a high threshold, given that the
observation exceeds the threshold, approximates to a Gener-
alised Pareto distribution as the threshold increases. Almost
all standard continuous distributions satisfy the conditions,
so that the Generalised Pareto family permits the statistical
modelling of high observations without the assumption of a
speciﬁc analytic form for the distribution of the variable of
interest at high levels (something for which there is usually
little empirical evidence), and with the knowledge that con-
clusions will be consistent with a very wide range of distri-
butional tail behaviour. The Generalised Pareto distribution
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Figure 6. Enlargement of positive (left) and negative (right) freak wave traces presented in 
Figure 3. 
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Fig.6. Enlargementofpositive(left)andnegative(right)freakwave
traces presented in Fig. 3.
has been used to describe short-term characteristics of freak
waves, wave crests and troughs by Stansell (2005). Its ap-
plication demands care, particularly in the choice of thresh-
old, which needs to be high enough for the limiting result to
give a reasonable approximation but not so high that there are
too few exceedances to permit reliable estimation; Naess and
Clausen (2000) discuss this issue for the case of Gaussian
observations and moment-based estimators. Simple general
diagnostics for threshold adequacy are provided by mean ex-
cess plots and QQ plots (Davison and Smith 1990; Coles,
2001) and are used in the discussion below.
The distribution function of a Generalised Pareto distribu-
tion for values of A=Hf/Hs exceeding a threshold u is
Pr(A≤a)=G(a)=1−

1+
ξ
σ
(a−u)
−1/ξ
, (a >u), (1)
where ξ and σ >0 are shape and scale parameters, respec-
tively. We investigate whether the observed values of A
above the threshold u=2 are consistent with a Generalised
Pareto distribution in which the scale parameter varies with
Hs according to ln(σ)=α+βHs for some constants α and
β, a form conveniently representing increasing or decreasing
dependence on Hs whilst continuing to ensure positivity of
σ. The distribution (1) with varying σ may be ﬁtted by max-
imum likelihood estimation using, for example, the R pack-
age ismev (R 2009). The ﬁtting shows that there is strong ev-
idence, under the assumption of a Generalised Pareto distri-
bution, that β is non-zero and so that σ varies with Hs (GLR
test; p-value 0.005). Adequacy of the ﬁtted distribution may
be assessed by the transformed QQ plot shown in Fig. 7.
Figure 7 plots the ordered values of (1/ˆ ξ)ln(1+ˆ ξ(a−2)/ˆ σ),
where ˆ σ=exp (ˆ α+ ˆ βHs) and ˆ ξ are maximum likelihood es-
timates and a denotes the observed augmentation factors,
against quantiles of the unit exponential distribution. If ob-
servations follow the Generalised Pareto distribution (1) with
σ varying in this way, then the transformed values follow the
unit exponential distribution. Thus, a quantile-quantile plot
in which all points lie close to the 45◦ line would support the
model (1) with varying σ.
From Fig. 7 it is clear, however, that there is substantial
deviation from the line at high values and, therefore, that a
commonGeneralisedParetodistributionwithsmoothlyvary-
ing σ does not adequately describe the observations. It is the
www.nat-hazards-earth-syst-sci.net/10/2021/2010/ Nat. Hazards Earth Syst. Sci., 10, 2021–2029, 20102026 I. Didenkulova et al.: Freak waves of different types in the coastal Baltic Sea  
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Fig. 7. Transformed exponential scale QQ plot of ampliﬁcation fac-
tors based on Generalised Pareto distribution with ln(σ)=α+βHs;
all data.
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Fig. 8. QQ plot of ampliﬁcation factors based on a Generalised
Pareto distribution with constant parameters; Group I data.
largest 8observations that are aberrant and a tentative sug-
gestion is that they come from a different population. Thus,
arises the tentative separation of observed freak waves into
the two groups shown in Fig. 5.
5 Freak waves of Group I
The ﬁrst group of freak waves contains 89observations with
ampliﬁcation factors ranging from 2.00 to 2.40. We explore
a Generalised Pareto model for these data by ﬁrst ﬁtting such
a distribution with a varying scale factor σ as above, and
comparing it with a Generalised Pareto distribution in which
both σ and ξ are constant (a similar analysis, GPD, has also
been applied to surface waves in deep waters of the North
Sea, Stansell, 2005). A GLR test to compare the two mod-
els shows no evidence now of the earlier dependence of σ on
Hs (p-value 0.16) and, thus, supports a simple Generalised
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Figure 9. Mean residual life plot for wind waves in Tallinn Bay, Baltic Sea; Group I 
observations. The solid curve represents mean residual life and the dotted curves the 
approximate pointwise 95% confidence limits. 
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Fig. 9. Mean residual life plot for wind waves in Tallinn Bay, Baltic
Sea; Group I observations. The solid curve represents mean resid-
ual life and the dotted curves the approximate pointwise 95% con-
ﬁdence limits.
Pareto distribution with constant parameters as a model for
the Group I observations. How good is the model may be
examined by the QQ plot in Fig. 8, the plot of the ordered
observations a(i), i =1,...,89 against G−1(i/(n+1)). Points
close to an increasing straight line in such plots indicate ade-
quacy of the model.
Figure 8 shows reasonable consistency in the constant
model with the data. The estimated parameter values and
their standard errors for this model are: ˆ σ = 0.159(0.019)
and ˆ ξ =−0.357(0.066).
A further check on adequacy of the constant-parameter
Generalised Pareto distribution as a model for the Group I
observations is given by the mean residual life (mean excess)
plot, which is the locus of points
 
u,
1
nu
X
a(i)>u
 
a{i}−u

!
, (2)
as the threshold u varies, based on the dataset a(1) ≤ ... ≤
a(89) where nu denotes the number of ampliﬁcation factors
a that exceed threshold u. Above a threshold u0 at which
the Generalised Pareto distribution provides a valid approxi-
mation to the excess distribution, the mean residual life plot
should be approximately linear in u. The mean residual life
plotfor theGroup Iobserved augmentationfactors areshown
in Fig. 9.
Again the ﬁgure gives no reason to question adequacy of
the model for the Group I data. Evidently the choice of a
threshold u=2 is fully appropriate for a Generalised Pareto
description of the Group I observations.
It should be noted that the proposed distribution function
for the description of freak waves in the coastal zone is im-
portant for many coastal engineering applications. However,
it needs to be further veriﬁed by other datasets before a ﬁrm
conclusion about its general applicability can be reached.
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Figure 10. Wind speed for 20 June-21 July 2008 in Kalbadagrund (Finland); the circles show the 
times when freak waves of the Group II occurred. 
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Fig. 10. Wind speed for 20 June–21 July 2008 in Kalbadagrund
(Finland); the circles show the times when freak waves of the
Group II occurred.
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Figure 11. Wind direction for 20 June-21 July 2008 in Kalbadagrund (Finland); the circles show 
the times when freak waves of the Group II occurred. 
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Fig. 11. Wind direction for 20 June–21 July 2008 in Kalbada-
grund (Finland); the circles show the times when freak waves of
the Group II occurred.
6 Freak waves of Group II (abnormal freak waves)
Sincethefreakwavesofthesecondgroupdiffersharplyfrom
others, we should ﬁrst look at the conditions under which
these abnormal waves occurred. It should be mentioned here
that all waves of the second group occurred only in the ﬁ-
nal week of measurements, on 12, 13, 15, 19 and 20 July.
The values of the wind speed and wind direction measured
in June–July 2008 in Kalbadagrund, Finland (Fig. 1) that
are the only reliable wind data for the Gulf of Finland, are
presented in Figs. 10 and 11. The circles indicate the freak
waves of Group II. Since two freak wave events occurred
within the interval of 4min, they are indicated in Figs. 10–
12 as a single circle. As can be seen from Figs. 10 and 11,
the waves occurred in conjunction with wind speeds from 3
to 7m/s and a rather wide range of wind directions from 50◦
to 330◦. Thus, we cannot ﬁnd an explanation of abnormal
freak wave occurrence using these wind data only. However,
data from Kalbadagrund, which is located in the middle of
the Gulf of Finland far from the study site (Fig. 1), may not
fully represent conditions in Tallinn Bay where local effects
can be signiﬁcant. From this point of view, the most reliable
weather data should be taken directly from the study area.
Signiﬁcant wave heights and maximum wave heights cal-
culated for all 20-min interval in the dataset are shown in
Fig. 12. The ﬁgure shows that the freak waves with the
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Figure 12. Significant wave heights (solid line) and maximum wave heights (dotted line) for 20-
minute intervals of the night data from 22 June-21 July 2008; the circles show the times when 
freak waves of the Group II occurred. 
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Fig. 12. Signiﬁcant wave heights (solid line) and maximum wave
heights (dotted line) for 20-min intervals of the night data from
22 June–21 July 2008; the circles show the times when freak waves
of the Group II occurred.
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Figure 13. The relative frequency and estimated probability of freak wave occurrence within a 
20-minute interval as a function of significant wave height. Dots are observed relative 
frequencies at 5 cm intervals of Hs. The solid line corresponds to a smoothed logistic regression 
estimate of the corresponding probabilities, and the dotted lines are approximate 95% confidence 
intervals. 
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Fig. 13. The relative frequency and estimated probability of freak
wave occurrence within a 20-min interval as a function of signiﬁ-
cant wave height. The dots are observed relative frequencies at 5cm
intervals of Hs. The solid line corresponds to a smoothed logistic
regression estimate of the corresponding probabilities and the dot-
ted lines are approximate 95% conﬁdence intervals.
largest ampliﬁcation factor occur for values of signiﬁcant
wave height when the sea was in an intermediate state be-
tween calm and stormy weather conditions, but at neither ex-
treme.
This fact becomes even more evident from the examina-
tion of the relative frequency of freak wave occurrence in
relation to signiﬁcant wave height:
r(Hs)=
K(Hs)
N(Hs)
, (3)
where K(Hs) is the number of 20-min intervals with signif-
icant wave height Hs during which at least one freak wave
was observed, and N(Hs) is the total number of 20-min in-
tervals with signiﬁcant wave height Hs (with or without freak
waves observed). The values of r(Hs) for 5cm intervals of
Hs are shown by the dots in Fig. 13. The solid line in the ﬁg-
ure is a non-parametric estimate based on smoothed logistic
regression of the corresponding probability of freak wave oc-
currence (Bowman and Azzalini, 1997, R package sm), and
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Figure 14. Time-frequency spectrum (extracts 60 sec) of the record of 13 July 2008; shades of 
grey indicate the spectral density; dashed lines correspond to the time of the freak wave 
occurrence; the ellipse corresponds to the dispersive track. 
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Fig. 14. Time-frequency spectrum (extracts 60s) of the record of
13 July 2008; shades of grey indicate the spectral density; dashed
lines correspond to the time of the freak wave occurrence; the el-
lipse corresponds to the dispersive track.
the two dashed lines show the approximate 95% conﬁdence
intervals for this estimate. The observed relative frequency
of freak wave occurrence in Tallinn Bay in the analysed data
series (from the period June–July 2008) was at its highest
(about 37%) when signiﬁcant wave height was in the range
of 20–25cm, whereas for all other values of Hs relative fre-
quency was observed to be less than half as large. Even after
theallowanceforestimationuncertainty, thereisasuggestion
that corresponding probabilities of occurrence are highest for
Hs close to 20–25cm.
Over the period of data collection during night-time hours
in June–July, there were relatively few (ca. 8%) 20-min inter-
vals with signiﬁcant wave height in the 20–25cm range, and
most of those occurred in the ﬁnal week of measurements.
Furthermore, it is important to mention that the freak waves
of Group II occurred at times when signiﬁcant wave height
was in or near the range from 20 to 25cm or a short time
later as signiﬁcant wave height was decreasing (Fig. 12). It
is known from earlier studies and experimental experience
that the range of signiﬁcant wave heights from 20 to 25cm
in Tallinn Bay corresponds to intermediate conditions when a
storm is approaching or has just come to an end, or when the
storm is just passing by. In the case of non-stationary winds
(when the storm is approaching or passing by) the Fourier
frequency spectrum varies with time. For a particular com-
bination of frequency components in time, when short waves
propagate ﬁrst and long waves afterwards, at a certain mo-
ment long waves overtake the short ones and their combina-
tiongivesrisetoafreakwave. Thismechanismoffreakwave
generation is called dispersive focussing and it is known to
exist for waves in both deep and shallow waters (Magnusson
et al., 1999; Arena et al., 2008; Kharif and Pelinovsky, 2003;
Kharif et al., 2009).
The time-frequency spectrum of the record of 13 July
2008, when the largest freak waves of Group II occurred,
represents the situation described above. The spectrum is
shown in Fig. 14. The dashed lines in Fig. 14 correspond
to the time of the freak wave occurrence. It can be seen,
that both freak waves occur in the situation of bimodal spec-
tra. There are two major energy concentrations in the Fourier
spectrum: one wind-wave system at 1s and the other a swell
system of peak period 5s. Moreover, the spectrum for the
second (the largest) freak wave (to the right in Fig. 14) has
an additional dispersive track (marked by the dotted line in
Fig. 14), which can be interpreted as a dispersive focussing.
Similar analysis of freak waves in the North Sea is reported
in (Slunyaev et al., 2005).
7 Conclusions
In this paper, a statistical analysis of freak waves measured
during 203h in the coastal zone of the Baltic Sea (2.7m
depth) in June–July 2008 is presented. This data contains,
in total, 97 freak waves which occurred in both calm and
stormy weather conditions.
All97ofthesefreakwavesweresolitarywavesofpositive,
negative or sign-variable shape. During the time of measure-
ments no group of freak waves consisting of two or three
consecutive freak waves were observed. Most of the waves
(63%) had a positive shape, 19.5% sign-variable and 17.5%
had negative shape. All waves were asymmetric in terms of
face slope-back slope asymmetry. Waves of negative shape
were the most asymmetric.
It is suggested that the dataset contains two groups of freak
waves distinguished by the value of the ratio of freak wave
height to signiﬁcant wave height, the ampliﬁcation factor.
AmpliﬁcationfactorsforGroupI,thelargergroupofthetwo,
vary in range from 2.0 to 2.4 and do not depend on signiﬁ-
cant wave height Hs, while ampliﬁcation factors of waves
in Group II can reach 3.1, and depend strongly on Hs. The
ampliﬁcation factors of freak waves from Group I may be
regarded as a random sample from a Generalised Pareto dis-
tribution with constant parameters.
Freak waves are found to have occurred most often when
Hs was in the range from 20 to 25cm. Signiﬁcant wave
heights in this range, which corresponds to an intermediate
case when the sea is neither calm nor stormy, were rarely
observed during the month of measurement, and abnormal
freak waves from Group II occurred when the signiﬁcant
height of sea waves was near this range, or a short time
later when signiﬁcant wave height had decreased. It is sug-
gested that the probable mechanism of generation of these
freak waves is dispersive focussing, though to make a ﬁnal
conclusion on the origin of the mechanism, numerical model
simulations under the same sea state conditions should be
carried out. Time-frequency spectra of the freak waves are
also studied and dispersive tracks, which can be interpreted
as evidence of dispersive focussing, are shown.
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